The interaction of largish molecules with metal surfaces has been studied by combining the imaging and manipulation capabilities of the scanning tunneling microscope (STM). At the atomic scale, the STM results directly reveal that the adsorption of a largish organic molecule can induce a restructuring of a metal surface underneath. This restructuring anchors the molecules on the substrate and is the driving force for a self-assembly process of the molecules into characteristic molecular double rows.
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The interaction of largish molecules with metal surfaces has been studied by combining the imaging and manipulation capabilities of the scanning tunneling microscope (STM). At the atomic scale, the STM results directly reveal that the adsorption of a largish organic molecule can induce a restructuring of a metal surface underneath. This restructuring anchors the molecules on the substrate and is the driving force for a self-assembly process of the molecules into characteristic molecular double rows. DOI: 10.1103/PhysRevLett.86.456 PACS numbers: 68.35.Bs, 68.37.Ef, 61.46.+w, 68.43. -h Self-assembly of molecules on surfaces plays a vital role in the rapidly growing area of nanotechnology, especially within areas such as molecular electronics, nanodevices, and molecular recognition [1] . The supramolecular aggregation is most often controlled by noncovalent moleculemolecule interactions, and the metal surface is in most cases considered a static checkerboard that provides bonds and specific adsorption sites to the molecules [2] .
However, when the adsorbed molecules become large and complex, the complexity of the interaction between the substrate and the molecules may increase. In previous studies different groups have suggested that the formation of self-assembled monolayers is in general controlled by a subtle balance between the competing intermolecular and molecule-substrate interactions. In a few cases it has been indicated, mainly from measured height corrugations of the adsorbed molecules, that a restructuring of the substrate may exist underneath the molecular adsorbate layer [3, 4] . However, no firm conclusions have been reached and in some cases conflicting evidence has been published [5] .
In this Letter we report scanning tunneling microscopy (STM) results, which directly demonstrate that anchoring of largish molecules and the subsequent self-assembly of molecular nanostructures on a metal surface can indeed be associated with a local disruption of the surface layer underneath the molecules. Identifying the exact nature of such a restructuring may be difficult when using an averaging surface sensitive probe such as standard scattering techniques. However, by combining the ultimate resolution imaging capabilities of the STM with its ability to manipulate single molecules in a controlled manner [6] , we have at the atomic scale directly revealed that, associated with the adsorption of largish molecules, metal atoms can be dug out of the surface, resulting in a "trench base" for anchoring of the molecules. These results prove that molecule-surface interactions can be a controlling driving force for self-assembly of molecules on surfaces.
The molecule-surface system under investigation is hexa-tert-butyl-decacyclene molecules (HtBDC, C 60 H 66 ) on a Cu(110) surface [7] . The largish HtBDC molecule is depicted in Fig. 1 and possesses the basic structural features required for future molecular building blocks for electronic devices: a conducting backbone (aromatic p system) and spacer groups (t-butyl groups, -C 4 H 9 ), separating the conducting parts of the molecule from the substrate.
The experiments were performed in an ultrahigh vacuum chamber equipped with a very stable, homebuilt, low and variable-temperature STM, capable of operating at 25-400 K [8] . The Cu(110) surface was sputter cleaned by 2.0 keV Ne ion bombardment followed by annealing at 820 K. The HtBDC powder was transferred onto the Cu(110) surface by organic molecular beam deposition out of a resistively heated glass crucible at 450 K, while the substrate was kept at room temperature (RT).
At very low coverages the molecules are observed to decorate the steps, indicating that the diffusion barrier for the individual molecule on the flat Cu(110) surface is low enough to allow the molecules to be mobile. With increasing coverages the STM images reveal the formation of self-assembled double rows of HtBDC molecules aligned along the equivalent [112] and [112] directions (Fig. 2a) . These characteristic double row structures appear to nucleate homogeneously over the terraces and are comprised of subunits consisting of two molecules with different orientation.
Imaging the same structure at low temperatures, T , 160 K, single, immobile molecules appear in addition to the double row structures. They show a planar geometry with the six lobes arranged in a distorted hexagon with threefold rotational symmetry (e.g., in Fig. 2b at 26 K), consistent with the disklike geometry of the molecules. According to the dimensions of the lobes and elastic scattering quantum chemistry calculations for HtBDC on Cu(100) [9] , each lobe can be assigned to one of the t-butyl appendages. The two observed orientations of the single, individual molecules adsorbed on the flat surface correspond to two equivalent adsorption sites. Rotation of a molecule by 60 ± (or 180 ± or 300 ± ) changes nothing with respect to the adsorption site, since the Cu(110) surface has a mirror plane perpendicular to the [110] direction.
At higher temperatures, T . 160 K, a one-dimensional diffusion of the single molecules along the [110] direction is found to set in. From STM movies, i.e., series of time-lapsed STM images [10] , the activation barrier for diffusion of the molecules, E D 0.36 eV, has been determined from the hopping rates by tracking the positions of the individual molecule. Furthermore, at RT STM movies [11] show that the double row unit fluctuates in size, growing or shrinking at the ends, but the rows do not diffuse as a unit. On a time scale of seconds, new rows are observed to nucleate (containing at least two HtBDC molecules) and existing rows disappear. Thus, the streaks at RT in the intermediate areas between the self-assembled double rows of HtBDC molecules (Fig. 2a) are associated with single, individual HtBDC molecules diffusing faster than the time scale of STM imaging (5 30 s͞image).
From Fig. 2b it is evident that the single, individual molecules are imaged very differently compared to the molecules within the double rows. For the single molecules all six lobes appear to have nearly the same height relative to the Cu surface (Ӎ2.2 6 0.1 Å). For the molecules within a double row, however, the three lobes at the rim of the row are imaged much brighter than the three lobes pointing towards the interior of the double row (see line scan in Fig. 2b ). The height difference scatters around 1 Å, close to the step height on a Cu(110) surface (1.28 Å). Thus, whereas single, isolated molecules are adsorbed with the molecule plane parallel to the Cu(110) surface, the molecules in the double rows appear to be tilted. A purely electronic reason for these imaging differences due to the proximity of neighboring molecules can be excluded. On one hand, adjacent molecules with six identical lobes each are present (Fig. 2b) and, on the other hand, manipulating two single, individual molecules "into contact" did not lead to any change in their appearance.
To explore the two different imaging modes of the HtBDC molecules, we have utilized the unique ability of the STM to manipulate single molecules on surfaces on the atomic scale [6] . The controlled manipulation of the molecules is performed by reducing the tunneling resistance from 1 GV to 1 MV by changing the tunneling current or voltage or both. This corresponds to a tip surface approach of around 3 Å. When scanning with this reduced tunneling resistance, all HtBDC molecules will be pushed outside the scanned area after two to four scans.
In Fig. 3 is shown an STM image recorded at 41 K of (a) an area with double rows of molecules before manipulation and (b) a "cleaned" surface area after the molecules are pushed aside. The latter STM image directly discloses the existence of a local disruption of the topmost Cu surface layer. We find that Ӎ14 Cu atoms are expelled from the surface in two adjacent [110] rows, forming a trenchlike base for anchoring of the molecules. From atomically resolved images where the molecular double rows and the Cu(110) lattice are resolved simultaneously, the registry of the molecules can be determined. The three more dimly imaged t-butyl lobes of each molecule are located on top of the missing Cu atoms. In Fig. 3c is shown a schematic ball model of this novel structure, and, as can be seen, the VOLUME 86, NUMBER 3 Atomic resolution along the close-packed direction was obtained in the left part of the image (vertical fast scanning direction), whereas it was lost when the tip scanned the restructured area. (c) Ball model of the double row structure -the substrate atoms are shaded darker the deeper the layers lie, while the molecules are shown in red.
P H Y S I C A L R E V I E W L E T T E R S
t-butyl groups of the HtBDC molecule inside the double rows lie in the trench, whereas the outer t-butyl groups lie on the plain Cu(110) surface (see also Fig. 3a) .
What is the origin of the restructuring, i.e., the formation of the trenches in the surface layer? In general, the binding of adsorbates will induce a restructuring of the surface only if the gain in the adsorption energy DE ad of the molecules on the disrupted surface, as compared to the virgin surface, is sufficiently high to balance the energy cost DE metal required to break the metal bonds, i.e., the energy difference between the disrupted and the virgin clean surface.
The anchoring of molecules on the disrupted surface may have two reasons. On the one hand, it may be a simple steric effect, an adaptation of the surface geometry to allow the t-butyl groups to fit into the trenches, resulting in a larger interaction area. Alternatively, within the d-band model by Hammer and Nørskov [12] , the creation of steps and even kink sites underneath the molecules causes a higher reactivity of the substrate and therefore a stronger binding, since a simple correlation exists between the bonding strength of a molecule and the metal coordination number of the adsorption site. Finally, it may also be a combination of the described effects.
A lower bound for DE ad of the HtBDC molecules can be estimated from DE metal involved in removing the Cu atoms out of the surface, forming the trenches. Within the approximative effective medium theory (EMT) approach [13, 14] , the energy E i of an atom in an fcc structure is a simple function of the nearest-neighbor (nn) and nextnearest-neighbor (nnn) coordination numbers, (N 1 and N 2 , respectively), for the Cu atoms in the topmost surface layers:
Using the parameters V 2 0.109 eV and V 0 2 0.0246 eV for the effective nn and nnn pair interactions, respectively, and V 3 0.0023 eV for the effective nn three-body interaction for Cu [13] , we can calculate the energies E i for every atom that changes its coordination number when being expelled from the close-packed Cu rows. In Fig. 4 and Table I we indicate a labeling of the atoms in the trench structure and the energies involved in forming the trench. Moving the first Cu atom "1" from the surface to an adatom site "a" is energetically the most expensive move (0.56 eV); it involves the breaking of two nn bonds [creating (100) facets]. Extracting the next six atoms along the close-packed rows requires only 0.32 eV each, since only one nn bond is broken per atom [creating (111) facets]. The expelling of the atoms from the adjacent close-packed Cu row ("8"-"14") resembles this behavior and differs only due to the number of nnn's. The overall energy used to remove the 14 atoms from the surface to adatom sites thus equals 4.83 eV. These adatoms can reduce their energy by diffusing to a kink site "k" of a step, thereby each gaining 20.28 eV per atom, amounting in total to 23.93 eV for all 14 adatoms. The final energy required to form a trench is DE metal 0.89 eV [15] , and the gain in adsorption energy per molecule by forming the trenches must thus be at least 0.45 eV, since (on average) two molecules share a single hole. Table I . "a" marks an adatom, and "k" a kinkatom. (Fig. 4) If the HtBDC molecules are deposited at sample temperatures below ϳ250 K, the molecular double row structures do not form, which is easily explained qualitatively within the above model. At these temperatures there is apparently not enough thermal energy available to promote the adatom-vacancy formation on the Cu substrate.
FIG. 4. Labeling of atoms referring to
In conclusion our main new finding is that adsorption of largish molecules to metal surfaces and the subsequent formation of self-assembled monolayers can be associated with a disruption of the metal substrate, increasing the molecule-substrate interactions. The atomic-scale imaging and manipulation capability of the STM has been used to directly reveal such a restructuring process. HtBDC molecules are anchored to the Cu(110) surface through the formation of a characteristic trench base in which 14 Cu atoms are dug out of the surface layer in two neighboring close-packed rows. The local nature of the moleculeinduced surface disruption implies that it would have been extremely difficult to identify it using other surface sensitive techniques. The spontaneous surface disruption formed underneath the largish molecules during the adsorption process is a generic way to reduce the mobility of the molecules and bind them to the surface at even low coverages. If the underlying forces and mechanisms of the observed adsorption processes are understood and can be used in a controlled manner by specially designed molecules, it also indicates a new route for nanostructuring of surfaces.
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